ABSTRACT: To assess the composition and abundant members of the bacterial community in the Weser estuary, Germany, we applied a PCR-dependent approach simultaneously with a PCRindependent approach, the dilution culture technique. Dilution cultures growing in autoclaved ambient water without any nutrient addition from the limnetic, brackish and marine sections of the Weser estuary from May, August and November 1999 yielded growth to a dilution of 10 -6 to 10 -9
INTRODUCTION
Aquatic microbial ecology has long been challenged by the fact that only a minor fraction, i.e. much less than 1%, of the natural bacterioplankton community enumerated by light or epifluorescence microscopy can be cultivated, preferentially on solid media (Razumov 1932 , Jannasch 1958 , Kuznetsov 1975 , Staley & Konopka 1985 , Eguchi & Ichida 1990 . During the 1970s and 1980s, increasing evidence accumulated that the major fraction of the as yet uncultured bacteria actively grows and participates in the flux of energy and cycling of nutrients in aquatic ecosystems (van Es & Meyer-Reil 1982 , Cole et al. 1988 . The development and application of molecular techniques based on PCR, such as the establishment of clone libraries and denaturing gradient gel electrophoresis (DGGE) of 16S rRNA gene sequences, revealed that the bacterio-plankton community is constituted of many bacteria and phylotypes that had not been detected by culturebased techniques (Giovannoni et al. 1990 , Schmidt et al. 1991 , Fuhrman et al. 1993 , Muyzer et al. 1993 , Zwart et al. 1998 , Giovannoni & Rappé 2000 , Urbach et al. 2001 . In fact, the application of fluorescence in situ hybridization (FISH) of rRNA-targeted oligonucleotides indicated that readily culturable bacteria account for only a minor fraction of the natural bacterial community (Eilers et al. 2000b (Eilers et al. , 2001 .
The molecular approaches, even though they have opened a new realm of aquatic microbial ecology, nonetheless have shortcomings. Phylogenetic identification on the basis of the 16S rRNA gene sequence provides little information about the physiological properties of the respective phylotypes unless primers target specific physiological groups such as Cyanobacteria or ammonium oxidizers within β-Proteobacteria (Nübel et al. 1997 , Ward et al. 1997 , Phillips et al. 1999 . Clone libraries yield almost complete 16S rRNA gene sequences, but are not suitable for quantifying the abundance of the clones. DGGE detects phylotypes, which account for more than 1% of the total bacterial community, but is usually applied to amplify fragments of only 250 to 500 bp of the 16S rRNA gene, and thus provides limited information for phylogenetic analyses (Muyzer et al. 1993 , Murray et al. 1996 . Further, it has been shown that particular phylotypes or phylogenetic groups are selectively amplified by PCR from mixed templates (Reysenbach et al. 1992 , Farelli et al. 1995 , Suzuki & Giovannoni 1996 , Gonzalez & Moran 1997 , Polz & Cavanaugh 1998 , Ishii & Fukui 2001 . Comparing clone libraries and FISH, evidence revealed that PCR amplification is not equally efficient for α-Proteobacteria and the Cytophaga/Flavobacteria group (Cottrell & Kirchman 2000) , equivalent to the renamed Flavobacteria/Sphingobacteria group of the Bacteroidetes phylum. Hence, there is a need for characterizing and quantifying the dominant members of the natural bacterioplankton community in aquatic systems and for examining the validity of the results obtained by these techniques, preferentially by PCRindependent approaches.
One promising approach to enrich and isolate members of the bacterioplankton community is the dilution culture technique, involving the addition of nutrients at low concentrations, signal molecules, or no additional nutrients , Bussmann et al. 2001 , Jaspers et al. 2001 , Bruns et al. 2002 , 2003a ,b, Rappé et al. 2002 . It allows for growth of the most abundant bacteria in high dilution steps without the competition of less abundant but possibly faster-growing bacteria. The application of this technique led to the cultivation of new bacterial isolates from various ecosystems and increased the cultivation efficiency by up to 20%.
The aim of our study was to analyze the composition of the bacterial communities in the salinity gradient of the Weser estuary, Germany, using a PCR-based approach (DGGE) simultaneously with the most promising culture dependent approach, the dilutionto-extinction technique and subsequent isolation. In a previous paper we reported on the composition and seasonal dynamics of the ambient bacterial community on the basis of DGGE . Here, we present comparisons between sequences of the most prominent bands of the DGGE patterns of natural samples with sequences retrieved from the highest dilution steps and isolates. The results show that with increasing dilution steps fewer and eventually only 1 single band occurred which matched prominent bands in the DGGE patterns of the natural bacterial community. These obviously dominant phylotypes included clusters of bacteria comprising cultivated strains but also clusters of yet uncultured phylotypes. Subsequent enrichment and isolation revealed pronounced differences with respect to growth on liquid and solid media with and without substrate additions.
MATERIALS AND METHODS
Study area and sampling. Samples were collected in the salinity gradient of the Weser estuary, Germany, in May, August and November 1999 on board the RV 'Bakensand' from 1 m depth by a low-pressure pump during the outflowing tide at Km 80 (marine section), the turbidity maximum (TM, brackish section) and at Km 0 (limnetic section). Samples were kept at 4°C, transferred to the laboratory within 8 h, and processed further immediately. Further details on the Weser estuary are given in .
Dilution cultures. We prepared dilution series in triplicates with 1:10 steps to a dilution of 10 -10
. To minimize changes in growth conditions, natural unfiltered water samples from the sampling sites in the limnetic, brackish and marine sections were used as growth media. Instead of 0.2 µm filtration, autoclaving was used for sterilization. We are aware that this treatment may raise the concentration of labile substrates due to dissolution and hydrolysis of particulate organic matter and polymers, but we intended to include particulates as substrate sources; filtration through 0.2 µm pore filters may also allow ultramicrobacteria to pass (Haller et al. 2000 O, 1000 ml aqua dest) and 2 ml of a 0.2 µm filtered vitamin solution ) 1000 ml -1 medium.
All culture tubes and media flasks were combusted at 500°C for 2 h prior to use. The water samples were well-mixed before inoculation. Tubes containing 9 ml of media were inoculated with 1 ml of sample water of the respective section of the estuary, vigorously mixed, and incubated in the dark on a shaker (100 rpm) at in situ temperature (15°C in May, 20°C in August, 11°C in November). Cultures were incubated for 10 to 12 wk, and 1 ml was then transferred to new tubes with 9 ml of the respective media. The remaining samples were harvested by centrifugation for 15 min at 132.6 × g (relative centrifugal force) and kept at -20°C until further processing. Growth of bacteria in the dilution tubes was determined by epifluorescence microscopy and DGGE analysis. The number of cultivable bacteria (+ 95% confidence intervals) was calculated by the most probable number (MPN) program of Klee (1993) . Bacteria cell counts. Total bacterial numbers were determined on black 0.2 µm Nuclepore filters by epifluorescence microscopy after staining with DAPI (4, 6-diamidinophenylindole). For further details see .
Molecular analysis. Nucleic acids were extracted by a standard protocol with phenol/chloroform slightly modified as described previously . Fragments of bacterial 16S rRNA genes were amplified with primers GM5f and 907rm (Muyzer et al. 1998 ) and a touchdown program with decreasing annealing temperatures from 65 to 55°C (2 cycles per step plus additional 16 cycles) with a total of 38 cycles; 1 µl (1 to 10 ng) of extracted DNA served as the template. DGGE analysis of the PCR products was performed according to Muyzer et al. (1998) , and the cluster analysis of DGGE profiles used Pearson's correlation and UPGMA. (For further details see Isolation of bacteria. Aliquots (50 to 100 µl) from the higher dilution steps (10 -4 to 10 -9
) were spread onto plates prepared with the media of natural samples (see above) and 0.9% agar (Scharlau Chemie). Plates were incubated at the corresponding in situ temperature in the dark until colonies became visible. Most colonies appeared within 1 mo; some, however, appeared only after 2 to 3 mo and had diameters of only 1 to 2 mm. Colonies for further transfer onto fresh plates were selected according to morphology and color. After the first transfer colonies grew faster and became bigger. To obtain pure cultures, colonies were transferred at least 3 times. Aliquots of isolates were harvested in 30% glycerol and stored at -70°C.
Bacterial growth on algal extracts and solid/liquid media. In May at the TM, we examined differences in the bacterial communities growing on solid-and in liquid-phase media and enriched with extracts of the green algae Scenedesmus sp. or a mixed diatom community. Algal cultures were harvested by centrifugation and boiled for 5 min to extract the organic matter. Enrichment of the algal extracts was 5-fold that of ambient phytoplankton concentrations. The 10 -3 dilution step of the dilution series in the brackish medium served as inoculum and was further diluted 10 4 -fold in the enriched liquid media. After 4 d of pre-incubation of duplicates, 100 µl were spread out onto the agar plates with the algal extracts and incubated at 15°C in the dark for 2 wk. Liquid cultures and colonies from the agar plates were then harvested for DNA extraction and DGGE analysis.
Sequencing and phylogenetic analysis. DGGE bands and isolates were sequenced using different combinations of the primers GM3f, GM1r, GM5f, GM8r, 907rm and GM4r (Muyzer et al. 1993 (Muyzer et al. , 1995 (Muyzer et al. , 1998 . Phylogenetic analysis was performed with the ARB software package (available at: www.arb-home.de) (Ludwig et al. 2004) . Phylogenetic trees were calculated using maximum-likelihood analysis of almost full-length 16S rRNA gene sequences (>1300 bp). About 140 to 150 sequences from different families, as suggested in the prokaryotic representative listing in the Ribosomal Database Project II (RDP 2000; available at: http:// rdp.cme.msu.edu/html/) and sequences of closest relatives found by a BLAST (basic local alignment search tool) search were used to construct the backbone trees. A filter was constructed for every phylogenetic group analyzed. Hence, alignment positions at which less than 50% of sequences of the corresponding data set had the same residues were excluded from the calculations to prevent uncertain alignments within highly variable positions. Shorter sequences were added later by the maximum parsimony method, using the same 50% filter. Our proposal of new clusters is based on the finding of distinct groups of phylotypes and isolates in our samples. We did not apply any fixed percent similarity.
Nucleotide sequence accession numbers. The sequences obtained in this study are available from GenBank under Accession Nos. AY145529-AY145573 (isolates), AY145574-AY145629 (dilution cultures), and AY146656-AY146671 (enrichment cultures).
RESULTS

Dilution cultures
Dilution cultures from the various sections of the Weser estuary yielded growth to a dilution of 10 -6 or 10 -9 in at least 1 parallel. Growth at the fairly low dilution step of only 10 -6 occurred in May 1999 with the marine inoculum, whereas growth at 10 -9 was reached with the brackish inoculum in August 1999. Cultivation efficiency (MPN counts for total cell counts) ranged from 1.5 to 66.4%, with no obvious pattern between the different sections ( Fig. 1) . In May, cultivation efficiency remained below 10%, whereas in November it increased to > 50% in the limnetic and marine sections.
DGGE banding patterns of all dilution cultures showed a decreasing diversity with increasing dilution steps, indicating that less abundant bacteria were diluted to extinction, such as Band X in Fig. 2C . Some bands appeared only in the higher dilution steps, e.g. Bands DC 5-0-4, DC 5-0-6, and DC 5-80-5 ( Fig. 2A-C) , suggesting that the bacteria represented by these bands were outcompeted by less abundant but faster-growing species in the lower dilution steps.
In 7 cases only 1 visible band was detected by DGGE analysis in the highest dilution step with a positive growth signal. Hence, almost complete 16S rRNA gene sequences could be determined by direct amplification of the extracted DNA templates from the dilution cultures with Primer Pair GM3f and GM4r (Table 1) . Among these sequences 4 phylotypes affiliated with α-Proteobacteria: 2 almost identical sequences (> 99%, 1390 bp) were obtained in the marine medium at different sampling dates, and 2 sequences in the brackish medium. In the dilution cultures from November, 1 sequence from the limnetic and 1 from the brackish medium belonged to β-Proteobacteria, and 1 sequence from the marine section in August to γ-Proteobacteria. In some cases, bands from the highest dilution steps matched one of the intensive bands from the corresponding natural undiluted sample, such Bands DC 5-0-4 and DC 5-0-2 ( Fig. 2A) , and DC 5-80-2 (Fig. 2C ). In total, 12 sequenced bands from the highest dilution steps of α-Proteobacteria, 3 β-Proteobacteria and 2 Actinobacteria exhibited sequence similarities of > 97% to bands from the corresponding natural undiluted sample (Table 2) . Further, 10 isolates of α-Proteobac- 
teria and 2 of β-Proteobacteria exhibited sequence similarities of > 97% to bands of the highest dilution steps and/or bands from natural undiluted samples (Table 2) . Bands from the natural undiluted samples published in Over the entire study period, we ran a negative control at every extraction procedure. Examining this control without any template by PCR, in only 1 case did we detect a contamination which showed 97% similarity to Microbacterium sp. (AB04207) (Takeuchi & Hatano 1998) . Only 1 DGGE band from our natural samples also affiliated with Microbacterium sp., which, therefore, may represent a contamination in the PCR or extraction reagents.
Bacterial growth on algal extracts and solid/liquid media
No differences in the composition of bacterial communities growing on the 2 algal substrates were detected by the DGGE patterns (Fig. 3) . In contrast, pronounced differences occurred between the bacterial communities growing in the enrichments on solid and liquid media. These differences were substantiated by cluster analysis, which also showed that the evolved communities in the liquid and on the solid media were distinctly different from the sample used as inoculum. Communities in the liquid media clustered even closer than the 2 standards.
Phylogenetic analysis α-Proteobacteria
We identified 5 clusters with closely related sequences retrieved from DGGE bands of the original water samples, the higher dilution steps and from isolates (Fig. 4A, Tables 1 & 3 ). Of these, 2 clusters contain sequences of limnetic origin, 1 sequences of only brackish origin, 1 sequences of only marine origin, and 1 sequences of both limnetic and brackish origin; 1 limnetic cluster comprising Brevundimonas alba (AF296688) as validated species was defined by Zwart et al. (2002) and Glöckner et al. (2000) as the B. intermedia and alphaII cluster, respectively. Similarities of the sequences within this cluster are at least 98% (Isolates AP2 and AP3, with 591 bp overlapping) and even a 100% match for DGGE Band WL5-4 and Dilution Culture Band DC 5-0-4, both retrieved in May (510 bp overlapping). The other limnetic cluster (matching cluster GOBB3-C201 of Zwart et al. 2002) shows a similarity of roughly 95% to the closest described species Sphingopyxis witflariensis and includes 2 other yet undescribed strains, 1 isolated from the Öre river (Kisand et al. 2002) and Strain F0813 (AF235997, submitted by Mitsutani et al. directly to GenBank). Similarities of retrieved sequences within Cluster GOBB3-C201 are at least 93% (Isolate AP9-1 and DGGE Band WL8-22B, with 492 bp overlapping).
The cluster with sequences of limnetic as well as brackish origin belongs to the Rhodobacter-group. Sequences obtained in limnetic natural samples but also in the highest dilution step (10 -8 ) in the brackish medium (DC8-0-5, DC5-0-6, DC5-50-1) in May show more than 99% similarity and are most closely (96%) related to R. capsulatus (D16428). The sequences of brackish origin of the DGGE bands from the natural sample and the highest dilution step (10 -9 ) in August affiliate with the freshwater SAR11 cluster (Bahr et al. 1996) , named LD12 by Zwart et al. (2002) , and are similar to the alphaV cluster of Glöckner et al. (2000) .
In the marine section, we repeatedly found almost identical clones (≥99%) affiliating with the Roseobacter clade and with uncultured Roseobacter NAC11-3 (Gonzalez et al. 2000) as the next known sequence. These clones were detected in May and November 1999 in all parallels of the highest dilution step in which growth occurred (Table 1, Fig. 4A ). Sequences of this closely related cluster, which was designated Roseobacter-clade affiliated cluster (RCA, Selje et al. 2004) , were also obtained from the most intense band in the DGGE profiles from the undiluted samples of all sampling dates .
In addition, quite a few sequences of the Roseobacter clade were retrieved from DGGE bands of various natural samples and higher dilution steps (Table 1) . However, only 2 isolates affiliated with this clade (Table 3) : AP27 was isolated from the 10 -6 dilution culture in May, which exhibited a prominent DGGE band with an identical sequence (523 bp overlapping). In August, an almost identical sequence was detected in the 10 -6 dilution culture also (99% identity, Table 1 . Clone sequences of undiluted natural samples were adopted from a previous study 
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Rhodoferax sp. BAL47 beta I Polynucleobacter necessarius LD28 B. beta-Proteobacteria (Fig. 4 continued) Uncult. beta Proteobacterium clone CR-FL23 (AF141405) Uncult. freshwater bacterium LD28 (Z99999) Uncult. beta Proteobacterium clone CR-FL21 (Af141403) Methylophilus B. beta-Proteobacteria (Fig. 4 continued) 509 bp overlapping). These sequences were related most closely to strains isolated from the Adriatic Sea (AJ391182, Fajon et al. direct submission to GenBank) and the North Sea (AF305498, Eilers et al. 2001) . Our isolate AP26 is also related most closely to a strain isolated from the Adriatic Sea (AJ391174, Fajon et al. direct submission to GenBank).
β-Proteobacteria
Most of the retrieved sequences of β-Proteobacteria fell into the betaI cluster of Glöckner et al. (2000) . The sequences which occurred most frequently affiliated with a distinct subcluster, the Rhodoferax sp. BAL47 cluster described by Zwart et al. (2002;  Fig. 4B , Tables 1 & 3) . They were most closely related (96 to 97% similarity) to Aquaspirillum delicatum (AF078756) as next validly described species. Of the 2 almost full-length 16S rRNA gene sequences retrieved from this group, 1 was obtained from the inoculum of the brackish section in November 1999 and affiliated with the betaI cluster as well, but with Rhodoferax antarcticus as the closest described isolated strain. The corresponding DGGE band was also detected in the brackish samples in May and August (Table 2) . The other almost full-length sequence was retrieved from a limnetic culture in November 1999 and affiliated with C. gamma-Proteobacteria (Fig. 4 continued) Uncult. bacterium BS3 (AF087055)
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Uncult. Cytophagales ESR 2 (AF268286) Flexibacter litoralis (M58784) 0.05 D. Flavobacteria/Sphingobacteria (Fig. 4 continued) C. gamma-Proteobacteria (Fig. 4 continued) D. Flavobacteria/Sphingobacteria (Fig. 4 continued) the Polynucleobacter necessarius cluster (Zwart et al. 2002) . A related sequence was also detected in the limnetic section of the estuary in August. Even though most of the sequences affiliated with β-Proteobacteria were retrieved from the limnetic or brackish section and dilution cultures, 2 DGGE bands were retrieved from marine dilution cultures (DC8-08-6, DC11-80-3), indicating that some β-Proteobacteria are able to grow at salinities up to 28. The next related sequences were a clone retrieved from the coastal picoplankton of Cape Hatteras, USA (U70704, Rappé et al. 1997 ) and an obligately oligotrophic strain isolated by Katanozaka & Yoshinaga (AB022337, GenBank, direct submission), respectively. One limnetic sequence (DC11-0-17) clustered closely together with these marine sequences. As this cluster includes Methylophilus methylophilus, we propose calling it 'Methylophilus cluster'.
γ-Proteobacteria
Only 1 sequence of the higher dilution cultures (DC8-80-1) and no isolate and clone of natural samples affiliated with γ-Proteobacteria. However, we obtained quite a few sequences affiliating with this phylogenetic group and closely related to Pseudomonas sp. and Curaçaobacter baltica in the enrichments on solid 
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E. Gram-positive Bacteria (Fig. 4 continued) E. Gram-positive Bacteria (Fig. 4 continued) and liquid media (Table 4) . Interestingly, there were no related sequences found among the bands excised from the community in the inoculum used (Lane 6 [D3] in Fig. 3 ).
Flavobacteria/Sphingobacteria
Bacteria of the Flavobacteria/Sphingobacteria group were detected less frequently than those of α-and β-Proteobacteria. Only 5 of the 44 intense and sequenced bands from the DGGE banding patterns of natural undiluted samples affiliated with this group, and only 5 of 56 sequences from the dilution cultures and 1 of the isolates. The latter showed only low (96%) and decreasing sequence similarity to the next known sequence (uncultured bacterium AF087055), a band detected in a dilution culture of August, and to the next validly described species, Flavobacterium aquatile (M28236 M62797, 94%, Tables 1 & 3) .
Gram-positive bacteria
Within the Gram-positive bacteria, isolates were obtained from Actinobacteria as well as from the Bacillus group. However, none of the latter sequences matched any sequence of DGGE bands from the natural undiluted samples or from the dilution cultures. All except 1 of these sequences affiliated within Actinobacteria with Cluster ACK-M1 (Zwart et al. 2002) , identical to Cluster hgcI (Glöckner et al. 2000) . Tree construction (Fig. 4E ) and calculated distance matrix values showed Sporotricha polymorpha (X72377) to be the most closely related species.
Other phylogenetic groups
The growth experiment yielded 2 additional bands from bacterial groups undetected hitherto in this study. Clone K21 from the evolved bacterial community in the 10 -3 dilution step affiliated with the Nitrospira group, and Clone K18 from the liquid medium fell into the δ-Proteobacteria, with Melittangium boletus (AJ233908) being the closest relative according to BLAST results.
DISCUSSION
The aim of this study was to detect abundant members of the natural bacterial community in the Weser estuary using a PCR-dependent and a culture dependent approach, i.e. dilution cultures, and to obtain representative isolates. In a previous study in this estuary we showed by using the DGGE technique that along the salinity gradient distinct bacterial communities exist which partly overlap and undergo seasonal changes . The results of the present study show that sequences of the few or single bands in the high dilution steps and of isolates matched those of prominent DGGE bands of natural undiluted samples (Table 2) . Hence, our dilution culture approach with natural sample water as substrate and diluting out less abundant but faster-growing bacteria, provided prominent bacteria with favorable growth conditions.
It has been argued that cloning protocols and different efficiencies in primer annealing may introduce selective amplification and discrimination against specific bacterial clusters, thus biasing the validity of clone libraries and DGGE-based analyses with respect to the composition of ambient bacterial communities (Rainey et al. 1994 , Cottrell & Kirchman 2000 , Bano & Hollibaugh 2002 , O'Sullivan et al. 2002 . Therefore, it was important to validate the PCR-based approach with 1 PCR-independent and 1 culture dependent approach. The fact that we obtained 16S rRNA gene sequences in high dilution steps, matching sequences of prominent DGGE bands of the natural samples, indicated that the combination of these 2 approaches was successful. Further, obtaining almost complete 16S rRNA gene sequences of a single prominent bacterium in the highest dilution steps, matching the sequences of prominent DGGE bands of the natural undiluted samples, made it possible to extend the limited sequence information of the 16S rRNA gene fragments generated by the DGGE approach. Similarly, Bano & Hollibaugh (2002) extended the limited sequence information of cloned DGGE bands in a study in the Arctic Ocean. They compared DGGE banding patterns of 16S rRNA gene fragments amplified directly with those of almost full-length clone libraries from the same locations and thus were able to attribute almost full-length sequences to prominent DGGE bands.
Currently, studies examining the composition of ambient natural bacterioplankton communities are usually not based on culture-dependent methods, but on the application of PCR-based approaches. To our knowledge, this is the first study which has examined the composition of bacterioplankton communities by the dilution culture technique and subsequent DGGE analysis, and has found corresponding results in quite a few cases. The great majority of bacteria growing in the highest dilution steps affiliated with phylogenetic clusters of which phylotypes or isolates were found in other studies from limnetic, brackish and marine environments (Giovannoni & Rappé 2000 , Glöckner et al. 2000 , Bruns et al. 2002 , 2003a , Zwart et al. 2002 2003). The sequences of α-Proteobacteria affiliated with 3 well known limnetic and 2 marine clusters, those of β-Proteobacteria with 3 clusters and Actinobacteria sequences with 1 cluster. Hence, our study on the basis of this culture dependent approach yielded a similar composition of the bacterioplankton communities as studies based on PCR approaches and thus provides a valuable support for the latter. It further demonstrates that these bacteria are in fact active components of the ambient bacterioplankton community and can be enriched by the dilution culture approach. In addition to the enrichment of highly abundant bacteria in the highest dilution steps, we obtained a cultivation efficiency of more than 1.5% and up to 66% (Fig. 1) . Such cultivation efficiencies are significantly higher than on solid media and are in line with previous reports applying the same approach without any or with low nutrient addition, or with addition of only signal molecules such as cAMP and acetyl homoserine lactones , Bussmann et al. 2001 , Jaspers et al. 2001 , Bruns et al. 2002 , 2003a . This approach also enabled us to isolate bacteria from dilution steps of 10 -6 to 10 -9
, thus close to dilution steps at which growth was no longer detected (Table 3) . More than 30% of the isolates had a sequence similarity of < 96% to described species. Usually, limnetic and brackish samples yielded isolates at higher dilution steps than marine samples. According to the rationale of this approach, these isolates are presumed to be abundant in the original water sample and thus potentially prominent members of the ambient bacterial community. Supporting evidence is provided by the fact that in several cases prominent DGGE bands of these isolates occurred in the original water sample (Table 2) . Also, other studies successfully applied the MPN approach to isolate abundant planktonic bacteria, such as members of the SAR11 clade (Rappé et al. 2002) and a marine actinobacterium, constituting 1% of bacterial numbers in the German Wadden Sea (Bruns et al. 2003b) .
In quite a few cases we were not able to isolate on solid media bacteria that were enriched in the highest dilution steps and occurred as prominent DGGE bands in the original water sample, e.g. α-Proteobacteria of the marine RCA cluster, the freshwater SAR11 (LD12) and ACK-M1 clusters. The marine RCA cluster, with a sequence similarity of more than 98%, is globally distributed in temperate to polar oceans but absent from subtropical and tropical regions (Selje et al. 2004 ). Bacteria of this cluster not only occurred as prominent DGGE bands, but also constituted 3 to 10% of the bacterioplankton community in the Weser estuary and the German Bight, as shown by a quantitative PCR approach with cluster-specific primers and FISH with cluster-specific probes (Selje et al. 2004) . Possible reasons for the detection of these bacteria in the higher dilution steps but their failure to as pure culture on solid media include a continuous dependence on metabolites from other (micro)organisms which were missing from the growth medium, a limited capacity of divisions on the basis of storage products, or the inability to grow on solid media. Bussmann et al. (2001) found an increased cultivability with the MPN technique on low (0.06%) compared to higher (0.6%) substrate concentrations, and the bacteria from the former 30 enrichments were not able to form colonies on solid agar. Schut et al. (1993) found indications that organic matter additions to dilution cultures inhibited bacterial growth. Also in other studies, the MPN approach failed to isolate abundant planktonic bacteria , Bruns et al. 2002 , 2003a . On the other hand, other isolation approaches using solid media with low nutrient additions and 0.2 µm filtered samples and subsequent substrate acclimation recently yielded new isolates of planktonic bacteria clusters for which previously only uncultured phylotypes had been known (Kisand et al. 2002 , Hahn 2003 . α-Proteobacteria were most prominent among the sequenced bands of the higher dilution steps and the isolates: 83% of the bands from the marine samples (n = 37), 27% of the limnetic and brackish samples (n = 18) and 67% of the isolates in both the marine and limnetic/brackish samples (n = 44) belonged to this phylogenetic subclass. β-Proteobacteria constituted 41% of the DGGE bands in the limnetic/brackish samples, but only 11% of the isolates. Hence, our dilution culture approach with long incubation times and low nutrient concentrations seemed to favor the growth of α-Proteobacteria in particular in limnetic/brackish samples. Eilers et al. (2001) also found an increased proportion of marine α-Proteobacteria among colonyforming bacteria at longer incubation times and at reduced ammonium and phosphate concentrations compared to artificial seawater medium.
It is important to point out that this dilution-toextinction approach with no extra nutrient addition did not cause a preferential growth of γ-Proteobacteria, as we obtained only 1 band in the higher dilution steps and no isolate of this phylogenetic subclass. A preferential growth of γ-Proteobacteria in limnetic as well as in marine samples growing on nutrient-enriched solid media has often been observed (Wagner et al. 1993 , Eilers et al. 2000a , Fuchs et al. 2000 . In the experiment comparing the growth of bacteria on enriched solid and in liquid media, however, quite a few sequences affiliating with γ-Proteobacteria were obtained, in particular with Pseudomonas sp. and with Curaçaobacter baltica (Table 4) . Interestingly, there were no related sequences among the bands excised from the DGGE patterns of the inoculum, indicating that bacteria developed which did not appear to be abundant under in situ conditions. Hence, by adding only low amounts of mixed 'natural' substrates and inoculating with a sample diluted only to 10 -3 , we already induced a 'gamma-shift', not only on the solid, but also in the liquid medium.
In line with the results of the dilution cultures, we reported in a previous paper that no γ-Proteobacteria were among the sequenced bands from the DGGE profiles of the original samples from different seasons and sections of the Weser estuary . This observation may have been due to primer discrimination or because we happened to miss these bands for excision and subsequent sequence analysis, suggesting that γ-Proteobacteria were not among the most intense bands on our DGGE profiles. The culturedependent approach may also have discriminated against this phylogenetic group, or members of this group could, in fact, be of little significance in the Weser estuary. In the German Bight of the North Sea γ-Proteobacteria have been detected by FISH, and constitute 10 to > 20% of the DAPI cell counts; they thus appear to be a prominent component of the bacterioplankton in this area (Eilers et al. 2001) .
In the limnetic and brackish section, we detected β-Proteobacteria in the highest dilution steps which matched phylotypes in the natural bacterial community by DGGE (Table 2) . We also obtained isolates from the subcluster which comprised most of the phylotypes, Rhodoferax sp. BAL47. From this subcluster, with which quite a few phylotypes in limnetic systems affiliate (Glöckner et al. 2000 , Zwart et al. 2002 , 2 other isolates in addition to ours are known (Pinhassi et al. 1997 , Kisand et al. 2002 . In line with many other studies, these findings indicate that β-Proteobacteria are important components of the actively growing limnetic and brackish bacterioplankton (e.g. Pernthaler et al. 1998 , Glöckner et al. 1999 , Zwisler et al. 2003 .
We also obtained growth of β-Proteobacteria in high dilution steps in the marine medium, supporting our observation in a previous paper that this phylogenetic group constituted 6% of the DAPI cell counts of the particle-associated bacteria in the marine section detected by FISH . So far, marine β-Proteobacteria are known only from a distinct cluster within the ammonium-oxidizers and from a cluster closely related to Methylophilus sp. (Rappé et al. 1997 , Phillips et al. 1999 . These bacterial groups exhibit a rather limited substrate spectrum and, therefore, are presumably not of general significance in marine carbon cycling. It has been shown that ammoniumoxidizers affiliating with β-Proteobacteria account for <1% of total bacteria in limnetic and brackish systems (Ward et al. 1997 ). Hence, they are under the detection limit of DGGE. We assume that for the same reason we did not detect β-Proteobacteria by DGGE in the natural samples from the marine section .
In the highest dilution steps, only 9% of the clones affiliated with the Flavobacteria/Sphingobacteria group and we obtained only 1 isolate. These results appear surprising because in other studies in marine as well as in limnetic systems based on FISH and clone libraries bacteria of this phylogenetic lineage were found to be more abundant (Böckelmann et al. 2000 , Cottrell & Kirchman 2000 , Kirchman 2002 , O'Sullivan et al. 2002 , Kirchman et al. 2003 ). In the Weser estuary, Flavobacteria/Sphingobacteria comprised 14 to 28% of DAPI cell counts in the particle-associated bacterial community, as determined by FISH . A similar discrepancy was found by Böckelmann et al. (2000) , who reported that Flavobacteria/Sphingobacteria constituted up to 36% of the DAPI cell counts on aggregates in the River Elbe, but only 1% among 40 isolates.
There are several possible explanations for the low numbers and proportions of Flavobacteria/Sphingobacteria, in particular in relation to α-Proteobacteria.
(1) A selective PCR bias, perhaps due to mismatches of Bacteria-specific primers for the 16S rRNA gene (Cottrell & Kirchman 2000 , Suzuki et al. 2001 , Kirchman et al. 2003 . The application of specific primers for this bacterial group yielded substantially higher numbers of phylotypes compared to general bacterial primers (O'Sullivan et al. 2002 , Kirchman et al. 2003 , Rink et al. 2003 . Further, the copy number of 16S rRNA genes may affect PCR-amplification. α-Proteobacteria harbor 1 to 4 SSU rRNA genes, Actinobacteria 1 to 6, γ-Proteobacteria 4 to 10 and Rhodothermus marinus (as the only example of the Flavobacteria/Sphingobacteria group) harbor 1 (Fogel et al. 1999) . (2) Flavobacteria/ Sphingobacteria grew slowly because of unfavorable growth conditions in the dilution cultures. This argument, however, holds true only if a PCR-bias occurred simultaneously, because this group was underrepresented by both methods. Such a dual bias seems unlikely, since we obtained good agreements with α-and β-Proteobacteria and Actinobacteria. (3) The richness of the Flavobacteria/Sphingobacteria group was rather high, and single phylotypes, therefore, are below the detection limit of 1% in the DGGE analysis (Muyzer et al. 1993 , Murray et al. 1996 and dilutedout in the highest dilution steps. In fact, in the German Wadden Sea, a high diversity within the Flavobacteria/Sphingobacteria group was found by applying DGGE with primers specific for this group (Rink et al. 2003) . The effect of this phenomenon, however, is difficult to distinguish and separate from a possible PCR bias. (4) The Flavobacteria/Sphingobacteria group in the free-living bacterial community is much less abundant than in the particle-associated fraction, which accounted for 11 and 50% of total cell counts in the limnetic and brackish sections . Thus, members of this group account for 3 and 8% of total bacteria plus an unknown fraction in the free-living community. Assuming this unknown fraction to be around 10%, the proportion of this group would be in the range of 11 to 14% of total bacteria, and thus in the range of numbers of phylotypes detected by DGGE, and only slightly higher than detection efficiencies by the dilution culture approach.
Considering all arguments raised, we assume that we slightly underestimated the number of phylotypes in the DGGE and the dilution culture approach due to primer bias and that the solid media discriminated against the Flavobacteria/Sphingobacteria group in the same way as shown for the other phylogenetic groups.
CONCLUSIONS
The combination of a PCR-dependent and the dilution culture-dependent approach enabled us to show that in the Weser estuary prominent bacteria were enriched in and eventually isolated from the highest dilution steps of the dilution cultures, thus emphasizing their abundance in situ. The 2 approaches yielded complementary results and extend previous findings with molecular techniques, i.e. the bacterioplankton community in various aquatic systems is dominated by subclusters of distinct phylogenetic groups. Information on these groups is based predominantly on 16S rRNA gene sequences of phylotypes. Using the dilution approach with ambient substrates at a low concentration, bacteria of these groups could be enriched and subsequently isolated. For a more comprehensive understanding of the biogeochemical role of these bacteria, the revelation of their physiology in general and under in situ conditions is most important. A critical step was the transfer to solid media, and therefore several strains, defied isolation. dilution cultures appear to be suitable for the growth of important members of the bacterioplankton, and hence more emphasis needs be laid on applying this promising technique.
